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Functional neuroimaging studies have implicated the left lateral occipitotemporal cortex
(LOTC) in both tool and hand perception but the functional role of this region is not fully
known. Here, by using a task manipulation, we tested whether tool-/hand-selective LOTC
contributes to the discrimination of tool-associated hand actions. Participants viewed
brieﬂy presented pictures of kitchen and garage tools while they performed one of two
tasks: in the action task, they judged whether the tool is associated with a hand rotation
action (e.g., screwdriver) or a hand squeeze action (e.g., garlic press), while in the location
task they judged whether the tool is typically found in the kitchen (e.g., garlic press)
or in the garage (e.g., screwdriver). Both tasks were performed on the same stimulus
set and were matched for difﬁculty. Contrasting fMRI responses between these tasks
showed stronger activity during the action task than the location task in both tool- and
hand-selective LOTC regions, which closely overlapped. No differences were found in
nearby object- and motion-selective control regions. Importantly, these ﬁndings were
conﬁrmed by a TMS study, which showed that effective TMS over the tool-/hand-selective
LOTC region signiﬁcantly slowed responses for tool action discriminations relative to tool
location discriminations, with no such difference during sham TMS. We conclude that left
LOTC contributes to the discrimination of tool-associated hand actions.
Keywords: action knowledge, middle temporal gyrus, tool selectivity, hand selectivity, lateral occipitotemporal
cortex
INTRODUCTION
Tools physically and functionally extend our body, allowing us
to achieve a wide range of goals that would not be possible
with our bodies alone. Much progress has recently been made in
understanding the neural architecture that supports complex tool
use. Evidence from multiple methods points to a left lateralized
network of frontal, parietal, and occipitotemporal brain regions
involvedintooluseandtoolperception(forreviews,seeJohnson-
Frey, 2004; Lewis, 2006; Martin, 2007; Vingerhoets, 2014). While
theinvolvement offrontal andparietal cortices intoolactionpro-
cessinghasbeenrelativelywellestablished,thecontributionofthe
occipitotemporal cortex is still poorly understood. In the present
study we used functional magnetic resonance imaging (fMRI)
and transcranial magnetic stimulation (TMS) to test whether
left occipitotemporal cortex contributes to the discrimination of
tool-associated hand actions.
fMRI studies have provided evidence that viewing pictures of
tools, relative to other object categories such as animals or chairs,
activates the left lateral occipitotemporal cortex (LOTC; Chao
et al., 1999; Beauchamp et al., 2002; Valyear et al., 2007; Weisberg
et al., 2007; Valyear and Culham, 2010; Bracci et al., 2012). Tool-
s e l e c t i v ea c t i v i t yi nL O T Ci sa l s oo b s e r v e di nc o n g e n i t a l l yb l i n d
individuals (Peelen et al., 2013), suggesting a role for this region
in knowledge of tool actions rather than in representing purely
visual properties of tools. However, it remains possible that tool-
selective activity in LOTC reﬂects shape differences between tools
and other objects (e.g., elongated tool shape; Sakuraba et al.,
2012), or the small size of tools relative to typically used con-
trol categories (Konkle and Oliva, 2012). These properties are
not strictly visual and might thus still account for tool-selective
LOTC activity in the congenitally blind. Although patient studies
have broadly supported a role for left posterior temporal cortex
in conceptual action knowledge (Tranel et al., 2003; Campanella
et al., 2010; Kalenine et al., 2010), it is not clear from these stud-
ies whether lesions to tool-selective LOTC, more anterior regions
in middle temporal gyrus (MTG), or other co-lesioned regions
caused these deﬁcits. Moreover, recent fMRI evidence sheds new
light on the putative role of left LOTC in tool perception by show-
ing that tool-selective regions closely overlap with hand-selective
regions (Braccietal.,2012).Thisﬁndingraisesthepossibilitythat
left LOTC contributes to tool action discrimination by accessing
tool-associated hand action or hand posture representations.
In the present fMRI study, we tested whether left LOTC con-
tributes to the discrimination of tool-associated hand actions by
comparingfMRIactivitywhileparticipantsperformedtwodiffer-
ent tasks on the same stimulus set. In the action task, they judged
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whether a tool is associated with a hand rotation action (e.g.,
screwdriver) or a hand squeeze action (e.g., garlic press), while in
the location task they judged whether a tool is typically found in
the kitchen (e.g., garlic press) or in the garage (e.g., screwdriver).
If tool-selective LOTC is involved in processing action-related
properties of tools, we expect an increase of activity when par-
ticipants pay attention to action properties relative to when they
focus on other properties such as a tool’s typical location.
Previous fMRI studies adopting a similar task-comparison
approach failed to ﬁnd action-speciﬁc activity in LOTC. For
example, one fMRI study contrasted action knowledge with func-
tion knowledge of tools (Canessa et al., 2008). In the action
knowledge task, participants were asked whether two objects
(presented simultaneously for 4s) were used with the same
manipulation pattern (e.g., vacuum cleaner and metal detector).
Activity for this task was contrasted with a function knowledge
task, in which participants had to judge whether the two objects
were used in the same functional context (e.g., vacuum cleaner
and carpet beater). The contrast between action knowledge and
function knowledge of tools yielded signiﬁcant activation in
left dorsal premotor cortex and left IPS, but not in left LOTC.
Other imaging studies that contrasted manipulation with func-
tion knowledge of manipulable objects similarly found increased
activity in parietal cortex but not in LOTC (Kellenbach et al.,
2003; Boronat et al., 2005; Bach et al., 2010).
These results might be interpreted as evidence that LOTC
activity in response to tools is fully driven by visual, shape, or
size properties of tools (common to both action and function
tasks). Alternatively, however, it may be that LOTC is activated by
both action and function judgments, as both these tasks require
access to tool-speciﬁc action knowledge: judging whether or not
a vacuum cleaner and a carpet beater are used in the same func-
tional context requires knowledge of what these objects are used
for. Therefore, in the present study, we contrasted tool action
discrimination with tool location discrimination. Discriminating
the typical location of a tool does not require access to tool-
speciﬁc action or function knowledge; indeed, this task can be
equally performed on non-tool objects.
Using fMRI, we found a strong and anatomically speciﬁc
increase of activity in hand- and tool-selective LOTC regions for
theactionrelativetothelocationtask.InasubsequentTMSstudy,
we found that effective TMS (relative to sham TMS) over hand-
/tool-selective left LOTC differentially affected performance on
tool action as compared to tool location discriminations, such
that effective TMS signiﬁcantly slowed responses on the action
task relative to the location task, with no such difference dur-
ing sham TMS. These results suggest that left LOTC causally
contributes to the discrimination of tool-associated hand actions.
MATERIALS AND METHODS
fMRI EXPERIMENT
Participants
Fourteen healthy adult volunteers (6 females; mean age: 26.8
years, age range: 20–35 years) participated in the fMRI exper-
iment. One participant was excluded because of low accuracy
in the main experiment (> 2 standard deviations below the
group mean). All participants were right-handed with normal
or corrected-to-normal vision, and no history of neurological or
psychiatric disease. Participants gave written informed consent
for participation in the study, which was approved by the human
research ethics committee of the University of Trento.
Stimuli
The stimulus set (Figure 1) consisted of 5 different exemplars of
12objects.Halfoftheobjectsaretypicallyfoundinakitchen,and
the other half in a garage. Half of the objects are manipulated by
a wrist rotation movement, and the other half by a hand-squeeze
movement.
Stimuli (400 × 400 pixels, 5◦) were presented centrally.
Stimulus presentation was controlled by a PC running the
Psychophysics Toolbox package (Brainard, 1997) in Matlab
(Mathworks, Natick, MA, USA). Pictures were projected onto a
screen and were viewed through a mirror mounted on the head
coil.
Task and design of main fMRI experiment
Participants performed a 1-back task, detecting repetitions of
eitherthelocation(kitchen,garage)ortheaction(rotate,squeeze)
dimension of the objects. The tasks were performed in different
runs, with the order counterbalanced across participants, such
that 7 of the 14 participants started with the action task and 7
of the 14 participants started with the location task. Participants
performed a total of 6 runs of 120 trials each. On each trial, a
picture of a tool object (Figure 1) was presented centrally for
1200ms, followed by a 600ms ﬁxation period. Each of the 12
tool objects was presented 10 times within a run, in random
order. The exemplar of the object that was presented (e.g., which
of the 5 corkscrews; Figure 1) was randomly selected on each
trial. Participants pressed a response button with their right index
ﬁnger when a task-relevant repetition occurred. Detection per-
formance (1-back repetition detection) was high for both tasks
[action task: mean = 97.2% correct; location task: mean = 97.9%
correct; difference: t(12) = 2.1, P = 0.06].
FUNCTIONAL LOCALIZERS
Twelve (of the total of 14) participants additionally participated
in three functional localizer experiments.
FIGURE 1 | Stimuli used in the fMRI and TMS experiments.
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Category localizer
The category localizer consisted of two runs lasting 5min each.
The experiment consisted of four conditions: tools, animals,
hands, and outdoor scenes. Stimuli (400 × 400 pixels, 12◦)w e r e
presented centrally and consisted of isolated objects on a white
background (see Bracci et al., 2012, for examples). One scanning
run consisted of 21 blocks of 14s each. Blocks 1, 6, 11, 16, and
21 were ﬁxation-only baseline epochs. In each of the remaining
blocks, 20 different stimuli from one category were presented.
These stimuli were randomly selected from a total set of 40 stim-
uli per category. Each stimulus appeared for 350ms, followed by
a blank screen for 350ms. Twice during each block, the same
picture was presented two times in succession. Participants were
requiredtodetecttheserepetitionsandreportthemwithabutton
press (1-back task). Each participant was tested withtwo different
versions of the experiment that counterbalanced for the order of
the blocks. In both versions, assignment of category to block was
counterbalanced, so that the mean serial position in the scan of
each condition was equated.
Object localizer
Participants performed one run of a standard object-selective
cortex localizer, lasting 5min (Downing et al., 2007; Bracci
et al., 2012). Stimuli consisted of 20 intact and 20 scram-
bled objects, which were presented in alternating blocks. The
block structure and task were identical to the category localizer
experiment.
Motion localizer
To localize motion-selective cortex, visual displays of moving and
stationary dot patterns were presented either in the left visual
ﬁeld (LVF) or in the right visual ﬁeld (RVF). In the motion
condition, dots shifted from the starting position toward the
display’s edge and back toward the ﬁxation (0.5◦/s) alternating
direction every three frames. In the static condition the dots
remained still. The single localizer run lasted 8min 48s dur-
ing which the four stimulus conditions (static dots in the LVF,
moving dots in the LVF, static dots in the RVF and moving
dots in the RVF), each lasting 16s, were interleaved with ﬁx-
ation blocks (16s). Each stimulus condition was repeated four
times in a random order within the run. Fixation blocks also
appeared at the beginning and end of each run. The ﬁxation
point changed color (red, yellow, green, blue) every 500ms. To
maintain attention, participants were instructed to press a button
with their right index ﬁnger whenever the central ﬁxation point
turned red.
fMRI data acquisition
Functional and structural MRI data were collected at the Center
for Mind/Brain Sciences, University of Trento, Italy. All images
were acquired on a Bruker BioSpin MedSpec 4-T scanner (Bruker
BioSpinGmbH,Rheinstetten,Germany).Functionalimageswere
acquiredusingechoplanar(EPI)T2∗-weightedscans.Acquisition
parameters were: repetition time (TR) of 2s, an echo time (TE)
of 33ms, a ﬂip angle (FA) of 73◦, a ﬁeld of view (FoV) of 192mm,
and a matrix size of 64 × 64. Each functional acquisition con-
sisted of 34 axial slices (which covered the whole cerebral cortex)
with a thickness of 3mm and gap of 33% (1mm). Structural
images were acquired with an MP-RAGE sequence with 1 × 1 ×
1mm resolution.
fMRI data preprocessing
Data were analyzed using the AFNI software package (http://afni.
nimh.nih.gov/) and MATLAB (The MathWorks, Natick, MA).
Functional data were slice-time corrected, motion corrected,
and low-frequency drifts were removed with a temporal
high-pass ﬁlter (cutoff of 0.006Hz). All data were spa-
tially smoothed (4mm Gaussian kernel) and transformed into
Talairach space, which included resampling to 3 × 3 × 3mm
voxels.
fMRI data analysis
For each participant, general linear models were created to model
the conditions in the experiment. All trials were included in the
analyses. Regressors of no interest were also included to account
for differences in the mean MR signal across scans and for head
motion within scans.
Region of interest deﬁnition
Regionsofinterest (ROIs)weredeﬁnedbasedontheindependent
localizer experiments in which 12 of the participants partici-
pated. Because not all participants had functional localizer data
and because not all ROIs could be deﬁned in those participants
who had, ROIs were deﬁned based on group-average data in
random-effects analyses (see Supplementary Table 1 for a list
of activations from whole-brain analyses of the localizer data).
These ROIs were then used to extract data for all participants
in the main experiment. All ROIs were deﬁned at a threshold
of P < 0.005, t(11) = 3.5. ROIs were drawn using AFNI soft-
ware, with individual-subject data extracted from the ROIs using
MATLAB. Activity estimates (Beta weights) were averaged across
the voxels of an ROI. Statistical analyses were performed in SPSS.
We refer to the ROIs by a combination of anatomical and func-
tional characteristics (e.g., LOTC-Tool). The anatomical labels
describe the anatomical position of the ROIs (see Figures 2–4)
rather than a-priori anatomical constraints.
The category localizer served to deﬁne our main ROIs. The
contrast of tools greater than animals was used to deﬁne tool-
selective regions in left LOTC (LOTC-Tool; volume = 729mm3),
left and right fusiform gyrus (FG-Tool; 1215 and 621mm3), and
left intraparietal sulcus (IPS-Tool; 648mm3). The contrast of
hands greater than animals was used to deﬁne a hand-selective
region in left LOTC (LOTC-Hand; 1647mm3). The conjunction
of these two contrasts (Bracci et al., 2012)w a su s e dt od e ﬁ n ea
region in left LOTC selective for both hands and tools (LOTC-
HandTool; 243mm3). The contrast of scenes greater than the
average of the other three categories (hands, tools, animals) was
used to deﬁne the left and right parahippocampal place area (PH-
Scene; 5238 and 5589mm3). The OSC localizer (intact objects >
scrambled objects) was used to deﬁne left and right object-
selective regions in LOTC (LOTC-Object; 5427 and 7803mm3).
Finally, the MT/MST localizer (moving dots > static dots) was
used to deﬁne left and right motion-selective regions in LOTC
(LOTC-Motion;2079and2673mm3).Seeearlierwork(Downing
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FIGURE 2 | fMRI results in functionally localized regions in left lateral
occipitotemporal cortex. Bar graphs indicate mean activity (Beta weights) in
the displayed ROIs during the action (blue) and location (orange) tasks of the
main experiment. (A) LOTC-Object (intact > scrambled objects), (B)
LOTC-Motion (moving > static dots), (C) LOTC-Tool (tools > animals), (D)
LOTC-Hand (hands > animals), (E) LOTC-HandTool (tools > animals AND
hands > animals), (F) the whole-brain group-average contrast action task >
location task gave activity in left LOTC, overlapping with tool and
hand-selective ROIs. All brain activity maps are shown at P < 0.005,
displayed on the group-average anatomical scan, at x =− 46. Blue crosshairs
centered on action > location contrast (F) are added for spatial reference
across panels. Error bars reﬂect within-subject s.e.m.
et al., 2007; Bracci et al., 2012) for detailed analyses of the relation
and overlap between hand-, tool-, motion-, and object-selective
LOTC regions.
TMS EXPERIMENT
Participants
Twenty-four healthy adult volunteers (19 females; mean age: 27.7
years; age range: 20–39 years) participated in the TMS exper-
iment. None of these participants had taken part in the fMRI
experiment. All participants were right-handed with normal or
corrected-to-normal vision, and no history of neurological or
psychiatric disease. Fifteen participants were tested at the Center
for Mind/Brain Sciences, University of Trento, Italy, while the
other nine participants were tested at the School of Psychology,
Bangor University, UK. Participants gave written informed con-
sent for participation in the study, which was approved by the
humanresearchethicscommitteesoftheUniversityofTrentoand
Bangor University.
Stimuli
The stimuli used in the TMS experiment were the same as those
used in the fMRI experiment. Stimuli (280 × 280 pixels, 5◦)w e r e
presented on a 17-inch LCD monitor (DELL 1908FP-BLK, in
Italy), and a Samsung notebook (NP300E5C, in UK) in a dimly
lit room. Stimuli were presented using ASF (Schwarzbach, 2011),
anadd-ontothePsychophysicsToolboxpackage(Brainard,1997)
inMatlab(Mathworks,Natick,MA,USA).Masks(280 × 280pix-
els, 5◦) consisted of static noise pattern of black and gray squares
(7 × 7 pixels).
Task and design of TMS experiment
Participants performed two tasks. In the action task, participants
indicated with a button press (using the index and middle ﬁnger
of the right hand) whether a tool was associated with a rotation
or a squeeze movement. In the location task, participants indi-
cated with a button press (using the index and middle ﬁnger of
the right hand) whether a tool was associated with a garage or a
kitchen location. Participants were instructed to respond as fast
and accurately as possible.
Participants performed a total of 6 runs; 4 runs with effec-
tive TMS and 2 runs with sham TMS. Sham TMS runs were
identical to effective TMS runs except that the TMS coil was
placed perpendicular to the scalp. For each participant, the
order of the 4 effective and 2 sham TMS runs was randomized,
with the constraint that the two sham TMS runs were never
consecutive.
Each run was divided into two blocks, one block in which par-
ticipants performed the action task, and one block in which they
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performed the location task. The order of blocks within runs was
alternated across runs such that half the effective TMS runs and
half the sham TMS runs started with the action task. In total each
participantperformed640trials.Eachtrialstartedwitha1600ms
ﬁxation cross, followed by the picture of a tool presented for
33ms, which was immediately followed by a mask presented for
600ms. Participants had to respond as fast as possible, and always
within2000ms.Thenexttrialstartedeither2700or3000msafter
the offset of the mask (with 50% probability). The brief pre-
sentation time of the tool pictures was chosen to make the task
sufﬁciently challenging and to avoid ceiling effects.
TMS methods
For correct placement of the TMS coil, structural MRI images
(MP-RAGE sequence with 1 × 1 × 1mm resolution) were
acquired for all participants. The position of the TMS coil was co-
registered with the participant’s reconstructed head, and the loca-
tion of TMS-stimulation was marked on the reconstructed pial
surface of each individual’s brain. At the University of Trento we
used the BrainVoyager Neuronavigator system (Brain Innovation
BV, The Netherlands, version 2.1) combined with a Zebris
CMS20S measuring system for real-time motion analysis (Zebris
MedicalGmbH,Isny,Germany),whereasatBangorUniversitywe
used Brainsight (Rogue Research, Montreal, Canada). TMS was
applied over hand-/tool-selective left LOTC. For 20 participants,
LOTC coordinates were the group-average Talairach coordinates
(−46, −68, −2) from a previous study that localized hand-/tool-
selective LOTC (Bracci et al., 2012) contrasting hands > chairs
and tools > chairs (the mean Talairach coordinates for these
contrasts were identical). Talairach coordinates were transformed
back into each subject’s native space for correct neuronaviga-
tion. The other four participants had previously participated in
an unrelated fMRI experiment that included a functional local-
izer of hand-/tool-selective LOTC. For these participants, LOTC
was functionally localized with an fMRI localizer experiment in
which pictures of tools, hands, and chairs were presented (Bracci
et al., 2012). Participants performed two runs, each containing
six 14-s blocks per category. Left LOTC was localized by the con-
junction of the contrast hands > chairs and the contrast tools
> chairs. The mean Talairach coordinates for these participants
were: −44, −64, 1.
At the University of Trento, biphasic TMS pulses were applied
with a 75-mm ﬁgure-of eight coil (MC-B65) and a MagPro × 100
stimulator (MagVenture A/S, Denmark). At Bangor University,
biphasic TMS pulses were applied with a 70-mm ﬁgure-of eight
coil and a Magstim Super Rapid stimulator (Magstim, Whitland,
UK). The stimulation intensity during the experiment was set at
120% of the individual resting motor threshold, measured as the
intensity that elicited ﬁve visible hand movements out of 10 stim-
ulations. This resulted in a TMS intensity that ranged between
42% and 68% of the maximum stimulator intensity.
In the absence of strong timing predictions, we chose a broad
window of stimulation, with 3 stimulation times relative to
picture onset (30/130ms, 150/250ms, and 270/370ms). These
timings were chosen to avoid missing the critical window dur-
ing which LOTC might be involved in tool processing. For the
same reason, on each trial, two TMS pulses were applied with an
interval of 100ms (Rice et al., 2006; Mullin and Steeves, 2011;
van Koningsbruggen et al., 2013). Thus, pulses were delivered,
on different trials, at three different timings relative to stimulus
onset: 30/130ms, 150/250ms, and 270/370ms. These three tim-
ings were used for both effective and sham TMS runs. The three
TMStimings wereeach used on1/3ofthetrials, inrandom order.
TMS timing was randomly paired with speciﬁc tool pictures. The
effects of TMS were found not to signiﬁcantly depend on the tim-
i n go fs t i m u l a t i o n( P > 0.35, for all interactions involving timing
as factor). As this might reﬂect a lack of power to detect such dif-
ferences, we do not conclude from this null result that each time
window is equally important for tool processing. In the absence
of signiﬁcant time differences, we collapsed the data across the
differenttimings.RTsforincorrecttrialsandRTsthatwere2stan-
dard deviations away from a participant’s mean RT were excluded
from the analyses.
RESULTS
fMRI RESULTS
Atotalof12ROIsweredeﬁnedbasedonthreefunctionallocalizer
experiments (Materials and Methods). We tested whether activity
intheseROIsdifferentiatedbetweentheactionandlocationtasks.
Our main interest was in the left LOTC. To test whether task-
related modulations were speciﬁc to hand-/tool-selective regions,
we deﬁned four nearby ROIs in the left LOTC: left LOTC-
Hand, left LOTC-Tool, left LOTC-Object, and left LOTC-Motion
(Figures 2A–D). A 2 × 4 ANOVA with Task and ROI as factors
showed a main effect of ROI [F(3, 10) = 16.7, P < 0.001] and no
main effect of Task [F(1, 12) = 2.9, P = 0.12]. Importantly, there
was a signiﬁcant interaction between Task and ROI [F(3, 10) =
5.6, P = 0.016], indicating that task-related modulations differed
for the ROIs. Follow-up tests in each of the 4 ROIs showed a
signiﬁcantly stronger response during the action task than the
location task in LOTC-Hand [t(12) = 3.0, P = 0.011, Cohen’s
d = 0.83] and LOTC-Tool [t(12) = 2.3, P = 0.038, Cohen’s d =
0.65], but not in LOTC-Object [t(12) = 0.6, P = 0.57, Cohen’s
d = 0.16] or LOTC-Motion [t(12) = 0.6, P = 0.58, Cohen’s
d = 0.16].
To test whether results differed in nearby hand- and tool-
selective LOTC regions, we compared task-related modulation
in left LOTC-Hand, left LOTC-Tool, and left LOTC-HandTool
(Figure 2E) ,ar e gi o nd e ﬁ n e da st h eo v e r l a pb e t w e e nL O T C - H a n d
and LOTC-Tool (Materials and Methods). A 2 × 3 ANOVA with
Task and ROI as factors showed no interaction between Task
andROI[F(2, 11) = 2.0,P = 0.18],indicatingsimilartask-related
modulation in hand- and tool-selective LOTC regions. The main
effect of Task was signiﬁcant, with stronger responses during
the action task than the location task [F(1, 12) = 9.1, P = 0.011].
There was also a signiﬁcant main effect of ROI [F(2, 11) = 6.7,
P = 0.013].
To compare effects among tool-selective ROIs, we local-
ized 3 tool-selective ROIs in addition to left LOTC-Tool: left
FG-Tool, right FG-Tool, and left IPS-Tool (Figure 3). A 2 × 4
ANOVA with Task and ROI as factors showed a main effect
of ROI [F(3,10) = 8.6, P = 0.004] and no main effect of Task
[F(1,12) = 1.0, P = 0.34]. Importantly, there was a signiﬁcant
interaction [F(3,10) = 8.4, P = 0.004], indicating that the tasks
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modulated the ROIs to a different extent. Follow-up tests in each
ROI showed a signiﬁcantly stronger response during the action
task than the location task in LOTC-Tool [t(12) = 2.3, P = 0.038,
Cohen’s d = 0.6 5 ] ,b u tn o ti nl e f tF G - T o o l[ t(12) = 0.2, P =
0.82,Cohen’sd = 0.06]orrightFG-Tool[t(12) =− 0.5,P = 0.63,
Cohen’s d =− 0.14]. The left IPS-Tool showed stronger activity
during the action task than the location task (Figure 3D), but
this difference did not reach signiﬁcance [t(12) = 1.7, P = 0.12,
Cohen’s d = 0.46].
We tested for task effects in four additional control regions:
rightLOTC-Object,rightLOTC-Motion,leftPH-Scene,andright
PH-Scene (Figure 4). None of these regions showed a signiﬁcant
difference between the two tasks (|t12|< 1.0, P > 0.34, for all
ROIs).
Finally, an exploratory whole-brain random-effects group
analysis (at P < 0.005, uncorrected) yielded one cluster for the
contrast action task > location task, at the location of hand- and
tool-selective LOTC (Figure 2F).
FIGURE 3 | fMRI results in tool-selective regions, localized by
contrasting tools with animals. Bar graphs indicate mean activity
(Beta weights) in the displayed ROIs during the action (blue) and
location (orange) tasks of the main experiment. (A) Left FG-Tool
(z =− 18), (B) Right FG-Tool (z =− 18), (C) left LOTC-Tool (x =− 46), (D)
Left IPS-Tool (z = 42). All brain activity maps are shown at P < 0.005,
displayed on the group-average anatomical scan. Error bars reﬂect
within-subject s.e.m.
FIGURE 4 | fMRI results in additional control regions. Bar graphs indicate
mean activity (Beta weights) in the displayed ROIs during the action (blue)
and location (orange) tasks of the main experiment. (A) Right LOTC-Object
(intact > scrambled objects, x =− 49), (B) Right LOTC-Motion (moving dots
> static dots, x =− 49), (C) left PH-Scene (scenes > hands + tools +
animals, z =− 9), (D) Right PH-Scene (scenes > hands + tools + animals,
z =− 9). All brain activity maps are shown at P < 0.005, displayed on the
group-average anatomical scan. Error bars reﬂect within-subject s.e.m.
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TMS results
TMS was applied over left hand-/tool-selective LOTC (Materials
and Methods), the region that was most strongly modulated by
the action task in the fMRI experiment.
Reaction time (RT) was analyzed in a 2 × 2 repeated-measures
ANOVA, with TMS (sham TMS, effective TMS) and Task (action,
location) as factors. There was a signiﬁcant interaction between
TMS and Task [F(1,23) = 4.4, P = 0.047],indicating that effective
TMS (relative to sham TMS) differentially affected performance
in the two tasks (Figure 5). Follow-up paired samples t-tests
showed that effective TMS slowed responses on the action task
relative to the location task [t(23) = 3.3, P = 0.003, Cohen’s d =
0.67], with no such difference during sham stimulation [t(23) =
1.3, P = 0.20, Cohen’s d = 0.27]. For one participant, the effect
of TMS on RT was more than 3 standard deviations away from
the mean. Without this outlier, the interaction between TMS and
Task was highly signiﬁcant [F(1,22) = 11.7, P = 0.002]; effective
TMS slowed responses on the action task relative to the location
task [t(22) = 3.2, P = 0.004, Cohen’s d = 0.6 5 ] ,wi t hn os u c hd i f -
ference during sham stimulation [t(22) = 0.9, P = 0.38, Cohen’s
d = 0.18].
No signiﬁcant TMS x Task interaction was found for accuracy
[F(1,23) = 0.4, P = 0.54]. There was no signiﬁcant main effect of
Task [F(1,23) = 0.8, P = 0.38] and a trend toward a signiﬁcant
main effect of TMS [F(1,23) = 3.4, P = 0.077], reﬂecting slightly
better performance for sham TMS than effective TMS (Table 1).
Results did not change substantially when excluding the outlier.
DISCUSSION
Using fMRI and TMS, we tested whether hand-/tool-selective
regions in left LOTC are modulated by the task performed on
pictures of tools. Results from the fMRI experiment showed
that functionally deﬁned tool- and hand-selective LOTC regions,
which partly overlapped (Bracci et al., 2012), were more active
when participants discriminated the action associated with a tool
than when they discriminated the location associated with a
tool, providing evidence that left LOTC is involved in processing
FIGURE 5 | Results of TMS experiment. Reaction times in the action task
(white bars) and location task (gray bars) during sham TMS (bars on the left)
and effective TMS (bars on the right) applied over hand-/tool-selective left
LOTC. TMS differentially affected the two tasks, as indicated by a
signiﬁcant TMS x Task interaction. Error bars reﬂect within-subject s.e.m.
∗P < 0.05; ∗∗P < 0.005.
action-related tool properties. Because the tool pictures pre-
sented in both tasks were identical, these results indicate that
tool selectivity in LOTC is unlikely to be fully explained by shape
differences between tools and other objects (e.g., elongated tool
shape; Sakuraba et al., 2012) or by the small size of tools rela-
tive to typically used control categories (Konkle and Oliva, 2012).
Nearby object- and motion-selective LOTC regions, although
strongly responsive to the tool pictures, showed no difference
between the two tasks, indicating that the task effects in tool-
and hand-selective regions did not reﬂect general object process-
ing differences between the tasks. Our ﬁndings, based on a task
manipulation, are in line with a previous fMRI study that used
a training manipulation to show increased activity in left LOTC
(together with left premotor cortex and left parietal cortex) to
pictures of objects that participants had learned to use as tools
(Weisberg et al., 2007).
The current fMRI results were conﬁrmed by a TMS study,
whichshowedthateffectiveTMS(relativetoshamTMS)differen-
tiallyaffectedtheactionandlocationtasksperformedonthesame
stimuli,asindicatedbyasigniﬁcantinteractionbetweenTMSand
task. The signiﬁcant interaction between TMS and task parallels
the fMRI ﬁnding of stronger LOTC activity for the action task
than the location task. It should be noted, however, that there was
no signiﬁcant difference between effective TMS and sham TMS
for the action task analyzed separately (Figure 5). The absence
of a signiﬁcant difference between effective TMS and sham TMS
on action task performance may reﬂect known facilitatory effects
of effective TMS on response time, such as a general speeding
up of responses due to arousal and/or intersensory facilitation
(Terao et al., 1997). In our study, such non-speciﬁc facilitatory
effects may have decreased response times in the effective TMS
conditions of both tasks, thereby masking the disruptive effects
of TMS on the action task. For this reason, we were primarily
interested in the comparison of TMS effects in the action task
withTMSeffects inthelocationtask(i.e.,theinteraction between
TMS and task); non-speciﬁc facilitatory effects of TMS should
have equally affected response speed on the two tasks. To pro-
vide conclusive evidence for a causal role of the left LOTC in tool
action discrimination, however, would require further evidence.
Speciﬁcally, future studies should test whether tool action judg-
ments are more strongly impaired after effective TMS over left
LOTC relative to effective TMS over a nearby control region, thus
controlling in another way for non-speciﬁc facilitatory effects
of TMS.
How might left LOTC contribute to tool action discrimina-
tion? The close overlap between hand and tool responses in left
Table 1 | Accuracy and RT for the action task and the location task,
during sham TMS and effective TMS.
Sham TMS Effective TMS
Action task Location task Action task Location task
Accuracy, % 90.8( 0 .8) 91.6( 0 .7) 89.2( 0 .8) 90.7( 0 .8)
RT, ms 776 (7.9) 759 (7.6) 777 (6.6) 737 (8.3)
Within-subject s.e.m. are given between brackets.
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LOTC (Bracci et al., 2012) raises the interesting possibility that
the conceptual representation of tools may partly consist of the
associated hand action representation. That is, discriminating the
action of a tool (e.g., knowing that a screwdriver involves a hand
rotation)mayinvolveaccesstothetool-associatedhandrepresen-
tation, which may include the mental imagery of tool-associated
hand postures. Previous TMS studies have shown that TMS over
the extrastriate body area (EBA; Downing et al., 2001), located
about 0.5cm posterior to hand-selective LOTC (Bracci et al.,
2010, 2012), selectively impairs detection (van Koningsbruggen
et al., 2013) and discrimination of bodies (Pitcher et al., 2009)
and body parts, including hands (Urgesi et al., 2004, 2007). It
would be interesting for future studies to test, using fMRI and
TMS, whether hand discrimination and tool action discrimina-
tion reﬂect the same underlying process in left LOTC, or whether
these can be dissociated.
Our fMRI study focused on the hand-/tool-selective LOTC,
functionally deﬁned by contrasting activity to pictures of hands
and/or tools with animals or chairs (both control categories give
a similar localization of this region; Bracci et al., 2012), while par-
ticipants performed a 1-back repetition detection task. Previous
studies that deﬁned tool-selective LOTC (e.g., Chao et al., 1999)
have sometimes located this region in the posterior middle tem-
poral gyrus (pMTG). However, in our experience it is typically
located inferior/posterior to the MTG, often in the inferior tem-
poral sulcus. It is possible that the location depends on the
particular task used for localization, with more semantic tasks
(e.g., learning facts about tools; Simmons et al., 2010; Simmons
and Martin, 2012) shifting activity superiorly and anteriorly.
Indeed, the MTG has been implicated in a variety of seman-
tic tasks, including semantic control and conceptual processing
(Whitney et al., 2011; Wei et al., 2012), verb processing (Perani
et al., 1999; Shapiro et al., 2006; Willms et al., 2011; Peelen
et al., 2012b), action knowledge (Martin et al., 1995; Kable et al.,
2005), and access to functional object properties (Bach et al.,
2010). It is presently unclear how these regions correspond to
the hand-/tool-selective region investigated here. Recent studies
have started to dissociate nearby verb-selective, action-selective,
body-selective, motion-selective, and object-selective regions in
posterior temporal cortex (Downing et al., 2007; Bedny et al.,
2008; Valyear and Culham, 2010; Peelen et al., 2012b), but fur-
ther research is necessary to investigate how hand-/tool-selective
LOTC relates to more anterior parts of MTG implicated in other
studies.
InthepresentfMRIstudy,tool-selectiveleftIPSshowedhigher
activity during the action task than the location task (Figure 3D),
but this difference did not reach signiﬁcance. Interestingly, as
described in the Introduction, a previous fMRI study reported
signiﬁcant modulation in left dorsal premotor cortex and left IPS,
but not in left LOTC, when contrasting action knowledge with
function knowledge of tools (Canessa et al., 2008). There are sev-
eral differences between our study and the Canessa et al. study.
In the action knowledge task of Canessa et al., participants were
askedwhethertwoobjects(presentedsimultaneouslyfor4s)were
used with the same manipulation pattern (e.g., vacuum cleaner
and metal detector), while in the present study participants made
a hand rotate vs. hand squeeze discrimination on a single object
presented for 1.2s. The strong focus on the speciﬁc hand action
associated with a tool in our study (rotate vs. squeeze) may have
ampliﬁed responses in hand-/tool-selective left LOTC. An addi-
tional difference between our study and the Canessa et al. study
is that in the present study tool action processing was contrasted
with tool location processing, while in the Cannessa et al. study
tool manipulation knowledge was contrasted with tool function
knowledge. It is plausible that LOTC is also activated when pro-
cessing function properties of tools, which would account for
the weak activity for the contrast between tool function and tool
manipulationtasks.Indeed,otherimagingstudiesthatcontrasted
manipulation with function knowledge of manipulable objects
similarly found increased activity in parietal cortex but not in
LOTC (Kellenbach et al., 2003; Boronat et al., 2005; Bach et al.,
2010).
An interesting open question concerns the functional interac-
tions between tool-selective regions in LOTC and parietal cortex.
These regions are functionally connected (Bracci et al., 2012;
Simmons and Martin, 2012) and also share functional charac-
teristics; for example both regions respond selectively to static
depictions of both body effectors and object effectors (Bracci and
Peelen, 2013). Both regions likely also contribute unique aspects
to tool perception and tool use. For example, work with neu-
rological patients has provided evidence that regions in the left
parietal cortex are critical for processing dynamic and possibly
motoric aspects of tool actions (Kalenine et al., 2010; Buxbaum
et al., 2014; Vingerhoets, 2014), while the occipitotemporal cor-
tex is critical for the representation of semantic action knowledge
(Tranel et al., 2003; Kalenine et al., 2010) and postural compo-
nents of tool-related actions (Buxbaum et al., 2014), in line with
thecurrentresults.FuturestudiescoulduseTMStotestthecausal
involvement of LOTC and parietal cortex in the discrimination of
both dynamic and static tool actions.
In a recent study (Peelen and Caramazza, 2012a), we found
that multivoxel activity patterns in the anterior temporal lobes
(ATLs) carry information about both object-associated loca-
tion (kitchen vs. garage) and object-associated action (rotate vs.
squeeze). For example, activity patterns were relatively similar
for objects that are both associated with a rotation action (e.g.,
a corkscrew and a screwdriver). Because information was com-
puted at the level of action category (rotate vs. squeeze), these
results likely reﬂected categorical representations that generalize
across speciﬁc visuomotor features. For example, while both a
screwdriver and a corkscrew involve a wrist rotation movement,
their speciﬁc motor patterns and hand postures—determined by
the speciﬁc visual form of the objects in question—are quite dis-
tinct. The present study, showing that the left LOTC is involved
in tool action discrimination, complements these results: rather
than housing generalized category-level representations of tool
actions, LOTC may represent more speciﬁc visuomotor represen-
tations associated with individual tools. Access to such represen-
tations is required for performing higher-order categorization,
and thus for performing the current action task. More gener-
ally, the two sets of results suggest that the functional roles of
LOTC and ATL are related hierarchically, with LOTC reﬂecting an
earlier, less abstract and less general level of representation than
the ATL.
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It remains to be fully determined what exactly LOTC repre-
sents about tools. One possibility is that LOTC represents the
hand/arm motion patterns associated with tools (Beauchamp
et al., 2002; Weisberg et al., 2007; Orlov et al., 2014), per-
haps particularly for tools that extend the hands’ reach (Bracci
and Peelen, 2013). Alternatively, LOTC may comprise static
representations, or “snapshots,” of hand/arm postures associ-
ated with tools (Vangeneugden et al., 2014) or representations
of hand-appropriate shape/size features of objects (Konkle and
Caramazza, 2013). Hand postures and movements are in large
part determined by the shape of a tool (e.g., the diameter of a
tool’s grip). Therefore, these suggestions point to a role for LOTC
in linking tool shape and hand/arm representations to support
tool action discrimination.
To conclude, the present study provides converging evidence
from fMRI and TMS that the left LOTC is more strongly involved
in the discrimination of actions than in the discrimination of
locations associated with visually presented tools. Furthermore,
the ﬁnding that left LOTC contributes to the discrimination of
tool-associated hand actions suggests that tool selectivity in left
LOTC is driven, at least in part, by action-related tool properties.
ACKNOWLEDGMENT
The research was supported by the Fondazione Cassa di
Risparmio di Trento e Rovereto.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fnhum.
2014.00591/abstract
REFERENCES
Bach, P., Peelen, M. V., and Tipper, S. P. (2010). On the role of object informa-
tion in action observation: an fMRI study. Cereb. Cortex 20, 2798–2809. doi:
10.1093/cercor/bhq026
Beauchamp, M. S., Lee, K. E., Haxby, J. V., and Martin, A. (2002). Parallel visual
motion processing streams for manipulable objects and human movements.
Neuron 34, 149–159. doi: 10.1016/S0896-6273(02)00642-6
Bedny, M., Caramazza, A., Grossman, E., Pascual-Leone, A., and Saxe, R. (2008).
C o n c e p t sa r em o r et h a np e r c e p t s :t h ec a s eo fa c t i o nv e r b s .J. Neurosci. 28,
11347–11353. doi: 10.1523/JNEUROSCI.3039-08.2008
Boronat, C. B., Buxbaum, L. J., Coslett, H. B., Tang, K., Saffran, E. M., Kimberg, D.
Y., et al. (2005). Distinctions between manipulation and function knowledge of
objects:evidencefromfunctionalmagneticresonanceimaging.BrainRes.Cogn.
Brain Res. 23, 361–373. doi: 10.1016/j.cogbrainres.2004.11.001
Bracci, S., Cavina-Pratesi, C., Ietswaart, M., Caramazza, A., and Peelen, M. V.
(2012). Closely overlapping responses to tools and hands in left lateral occipi-
totemporal cortex. J. Neurophysiol. 107, 1443–1456. doi: 10.1152/jn.00619.2011
Bracci, S., Ietswaart, M., Peelen, M. V., and Cavina-Pratesi, C. (2010). Dissociable
neural responses to hands and non-hand body parts in human left extrastriate
visual cortex. J. Neurophysiol. 103, 3389–3397. doi: 10.1152/jn.00215.2010
Bracci, S., and Peelen, M. V. (2013). Body and object effectors: the organization of
object representations in high-level visual cortex reﬂects body-object interac-
tions. J. Neurosci. 33, 18247–18258. doi: 10.1523/JNEUROSCI.1322-13.2013
Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436. doi:
10.1163/156856897X00357
Buxbaum, L. J., Shapiro, A. D., and Coslett, H. B. (2014). Critical brain regions
for tool-related and imitative actions: a componential analysis. Brain 137,
1971–1985. doi: 10.1093/brain/awu111
Campanella, F., D’Agostini, S., Skrap, M., and Shallice, T. (2010). Naming manip-
ulable objects: anatomy of a category speciﬁc effect in left temporal tumours.
Neuropsychologia 48, 1583–1597. doi: 10.1016/j.neuropsychologia.2010.02.002
Canessa, N., Borgo, F., Cappa, S. F., Perani, D., Falini, A., Buccino, G., et al.
(2008). The different neural correlates of action and functional knowledge in
semantic memory: an FMRI study. Cereb. Cortex 18, 740–751. doi: 10.1093/cer-
cor/bhm110
Chao, L. L., Haxby, J. V., and Martin, A. (1999). Attribute-based neural substrates
in temporal cortex for perceiving and knowing about objects. Nat. Neurosci. 2,
913–919. doi: 10.1038/13217
Downing, P. E., Jiang, Y., Shuman, M., and Kanwisher, N. (2001). A cortical area
selective for visual processing of the human body. Science 293, 2470–2473. doi:
10.1126/science.1063414
Downing, P. E., Wiggett, A. J., and Peelen, M. V. (2007). Functional mag-
netic resonance imaging investigation of overlapping lateral occipitotemporal
activations using multi-voxel pattern analysis. J. Neurosci. 27, 226–233. doi:
10.1523/JNEUROSCI.3619-06.2007
Johnson-Frey,S.H.(2004).Theneuralbasesofcomplextooluseinhumans.Trends
Cogn. Sci. 8, 71–78. doi: 10.1016/j.tics.2003.12.002
Kable, J. W., Kan, I. P., Wilson, A., Thompson-Schill, S. L., and Chatterjee,
A. (2005). Conceptual representations of action in the lateral tempo-
ral cortex. J. Cogn. Neurosci. 17, 1855–1870. doi: 10.1162/089892905775
008625
Kalenine, S., Buxbaum, L. J., and Coslett, H. B. (2010). Critical brain regions for
action recognition: lesion symptom mapping in left hemisphere stroke. Brain
133, 3269–3280. doi: 10.1093/brain/awq210
Kellenbach, M. L., Brett, M., and Patterson, K. (2003). Actions speak louder
than functions: the importance of manipulability and action in tool
representation. J. Cogn. Neurosci. 15, 30–46. doi: 10.1162/089892903321
107800
Konkle, T., and Caramazza, A. (2013). Tripartite organization of the ven-
tral stream by animacy and object size. J. Neurosci. 33, 10235–10242. doi:
10.1523/JNEUROSCI.0983-13.2013
Konkle, T., and Oliva, A. (2012). A real-world size organization of object
responses in occipitotemporal cortex. Neuron 74, 1114–1124. doi:
10.1016/j.neuron.2012.04.036
Lewis, J. W. (2006). Cortical networks related to human use of tools. Neuroscientist
12, 211–231. doi: 10.1177/1073858406288327
Martin, A. (2007). The representation of object concepts in the brain. Annu. Rev.
Psychol. 58, 25–45. doi: 10.1146/annurev.psych.57.102904.190143
Martin, A., Haxby, J. V., Lalonde, F. M., Wiggs, C. L., and Ungerleider, L. G. (1995).
Discrete cortical regions associated with knowledge of color and knowledge of
action. Science 270, 102–105. doi: 10.1126/science.270.5233.102
Mullin, C. R., and Steeves, J. K. (2011). TMS to the lateral occipital cortex dis-
rupts object processing but facilitates scene processing. J. Cogn. Neurosci. 23,
4174–4184. doi: 10.1162/jocn_a_00095
Orlov,T.,Porat,Y.,Makin,T.R.,andZohary,E.(2014).Handsinmotion:anupper-
limb-selective area in the occipitotemporal cortex shows sensitivity to viewed
hand kinematics. J. Neurosci. 34, 4882–4895. doi: 10.1523/JNEUROSCI.3352-
13.2014
Peelen, M. V., Bracci, S., Lu, X., He, C., Caramazza, A., and Bi, Y. (2013). Tool selec-
tivity in left occipitotemporal cortex develops without vision. J. Cogn. Neurosci.
25, 1225–1234. doi: 10.1162/jocn_a_00411
Peelen, M. V., and Caramazza, A. (2012a). Conceptual object representations
in human anterior temporal cortex. J. Neurosci. 32, 15728–15736. doi:
10.1523/JNEUROSCI.1953-12.2012
Peelen, M. V., Romagno, D., and Caramazza, A. (2012b). Independent representa-
tions of verbs and actions in left lateral temporal cortex. J. Cogn. Neurosci. 24,
2096–2107. doi: 10.1162/jocn_a_00257
Perani, D., Cappa, S. F., Schnur, T., Tettamanti, M., Collina, S., Rosa, M. M., et al.
(1999). The neural correlates of verb and noun processing. A PET study. Brain
122(Pt 12), 2337–2344. doi: 10.1093/brain/122.12.2337
Pitcher, D., Charles, L., Devlin, J. T., Walsh, V., and Duchaine, B. (2009). Triple
dissociation of faces, bodies, and objects in extrastriate cortex. Curr. Biol. 19,
319–324. doi: 10.1016/j.cub.2009.01.007
Rice, N. J., Tunik, E., and Grafton, S. T. (2006). The anterior intraparietal sul-
cus mediates grasp execution, independent of requirement to update: new
insightsfromtranscranialmagneticstimulation.J.Neurosci.26,8176–8182.doi:
10.1523/JNEUROSCI.1641-06.2006
Sakuraba, S., Sakai, S., Yamanaka, M., Yokosawa, K., and Hirayama, K. (2012).
Does the human dorsal stream really process a category for tools? J. Neurosci.
32, 3949–3953. doi: 10.1523/JNEUROSCI.3973-11.2012
Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 591 | 9Perini et al. Tool discrimination in occipitotemporal cortex
Schwarzbach, J. (2011). A simple framework (ASF) for behavioral and neuroimag-
ing experiments based on the psychophysics toolbox for MATLAB. Behav. Res.
Methods 43, 1194–1201. doi: 10.3758/s13428-011-0106-8
Shapiro, K. A., Moo, L. R., and Caramazza, A. (2006). Cortical signatures of
noun and verb production. Proc. Natl. Acad. Sci. U.S.A. 103, 1644–1649. doi:
10.1073/pnas.0504142103
Simmons, W. K., and Martin, A. (2012). Spontaneous resting-state BOLD ﬂuc-
tuations reveal persistent domain-speciﬁc neural networks. Soc. Cogn. Affect.
Neurosci. 7, 467–475. doi: 10.1093/scan/nsr018
Simmons, W. K., Reddish, M., Bellgowan, P. S., and Martin, A. (2010). The selec-
tivity and functional connectivity of the anterior temporal lobes. Cereb. Cortex
20, 813–825. doi: 10.1093/cercor/bhp149
Terao, Y., Ugawa, Y., Suzuki, M., Sakai, K., Hanajima, R., Gemba-Shimizu, K.,
et al. (1997). Shortening of simple reaction time by peripheral electrical
and submotor-threshold magnetic cortical stimulation. Exp. Brain Res. 115,
541–545. doi: 10.1007/PL00005724
Tranel, D., Kemmerer, D., Adolphs, R., Damasio, H., and Damasio,
A. R. (2003). Neural correlates of conceptual knowledge for
actions. Cogn. Neuropsychol. 20, 409–432. doi: 10.1080/026432902440
00248
Urgesi, C., Berlucchi, G., and Aglioti, S. M. (2004). Magnetic stimulation of extras-
triate body area impairs visual processing of nonfacial body parts. Curr. Biol. 14,
2130–2134. doi: 10.1016/j.cub.2004.11.031
Urgesi, C., Candidi, M., Ionta, S., and Aglioti, S. M. (2007). Representation of body
identity and body actions in extrastriate body area and ventral premotor cortex.
Nat. Neurosci. 10, 30–31. doi: 10.1038/nn1815
Valyear, K. F., Cavina-Pratesi, C., Stiglick, A. J., and Culham, J. C. (2007). Does
tool-related fMRI activity within the intraparietal sulcus reﬂect the plan to
grasp? Neuroimage 36(Suppl. 2), T94–T108. doi: 10.1016/j.neuroimage.2007.
03.031
Valyear, K. F., and Culham, J. C. (2010). Observing learned object-speciﬁc func-
tional grasps preferentially activates the ventral stream. J. Cogn. Neurosci. 22,
970–984. doi: 10.1162/jocn.2009.21256
Vangeneugden, J., Peelen, M. V., Tadin, D., and Battelli, L. (2014). Distinct neural
mechanisms for body form and body motion discriminations. J. Neurosci. 34,
574–585. doi: 10.1523/JNEUROSCI.4032-13.2014
van Koningsbruggen, M. G., Peelen, M. V., and Downing, P. E. (2013). A causal
role for the extrastriate body area in detecting people in real-world scenes.
J. Neurosci. 33, 7003–7010. doi: 10.1523/JNEUROSCI.2853-12.2013
Vingerhoets, G. (2014). Contribution of the posterior parietal cortex in reach-
ing, grasping, and using objects and tools. Front. Psychol. 5:151. doi:
10.3389/fpsyg.2014.00151
Wei, T., Liang, X., He, Y., Zang, Y., Han, Z., Caramazza, A., et al. (2012).
Predicting conceptual processing capacity from spontaneous neuronal activ-
ity of the left middle temporal gyrus. J. Neurosci. 32, 481–489. doi:
10.1523/JNEUROSCI.1953-11.2012
Weisberg, J., van Turennout, M., and Martin, A. (2007). A neural system for
learning about object function. Cereb. Cortex 17, 513–521. doi: 10.1093/cer-
cor/bhj176
Whitney, C., Kirk, M., O’Sullivan, J., Lambon Ralph, M. A., and Jefferies, E. (2011).
The neural organization of semantic control: TMS evidence for a distributed
network in left inferior frontal and posterior middle temporal gyrus. Cereb.
Cortex 21, 1066–1075. doi: 10.1093/cercor/bhq180
W i l l m s ,J .L . ,S h a p i r o ,K .A . ,P e e l e n ,M .V . ,P a j t a s ,P .E . ,C o s t a ,A . ,M o o ,L .R . ,
et al. (2011). Language-invariant verb processing regions in Spanish-English
bilinguals. Neuroimage 57, 251–261. doi: 10.1016/j.neuroimage.2011.04.021
Conﬂict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Received: 15 April 2014; accepted: 16 July 2014; published online: 05 August 2014.
Citation: Perini F, Caramazza A and Peelen MV (2014) Left occipitotemporal cor-
tex contributes to the discrimination of tool-associated hand actions: fMRI and TMS
evidence. Front. Hum. Neurosci. 8:591. doi: 10.3389/fnhum.2014.00591
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Perini, Caramazza and Peelen. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 591 | 10